den Hartigh LJ, Altman R, Norman JE, Rutledge JC. Postprandial VLDL lipolysis products increase monocyte adhesion and lipid droplet formation via activation of ERK2 and NFB. Am J Physiol Heart Circ Physiol 306: H109 -H120, 2014. First published October 25, 2013 doi:10.1152/ajpheart.00137.2013.-Postprandial lipemia is characterized by a transient increase in circulating triglyceride-rich lipoproteins such as very low-density lipoprotein (VLDL) and has been shown to activate monocytes in vivo. Lipolysis of VLDL releases remnant particles, phospholipids, monoglycerides, diglycerides, and fatty acids in close proximity to endothelial cells and monocytes. We hypothesized that postprandial VLDL lipolysis products could activate and recruit monocytes by increasing monocyte expression of proinflammatory cytokines and adhesion molecules, and that such activation is related to the development of lipid droplets. Freshly isolated human monocytes were treated with VLDL lipolysis products (2.28 mmol/l triglycerides ϩ 2 U/ml lipoprotein lipase), and monocyte adhesion to a primed endothelial monolayer was observed using a parallel plate flow chamber coupled with a CCD camera. Treated monocytes showed more rolling and adhesion than controls, and an increase in transmigration between endothelial cells. The increased adhesive events were related to elevated expression of key integrin complexes including Mac-1 [␣ m-integrin (CD11b)/␤2-integrin (CD18)], CR4 [␣ x-integrin (CD11c)/CD18] and VLA-4 [␣4-integrin (CD49d)/␤ 1-integrin (CD29)] on treated monocytes. Treatment of peripheral blood mononuclear cells (PBMCs) and THP-1 monocytes with VLDL lipolysis products increased expression of TNF␣, IL-1␤, and IL-8 over controls, with concurrent activation of NFkB and AP-1. NFB and AP-1-induced cytokine and integrin expression was dependent on ERK and Akt phosphorylation. Additionally, fatty acids from VLDL lipolysis products induced ERK2-dependent lipid droplet formation in monocytes, suggesting a link to inflammatory signaling pathways. These results provide novel mechanisms for postprandial monocyte activation by VLDL lipolysis products, suggesting new pathways and biomarkers for chronic, intermittent vascular injury. adhesion molecules; fatty acids; inflammation; lipoprotein lipase A KEY STEP in the development of atherosclerosis is the activation and recruitment of circulating monocytes to sites of endothelial damage (10, 28, 30) . Monocytes in the blood can be activated under physiological and pathophysiological conditions, such as hypertriglyceridemia (2, 39), contributing to their endothelial recruitment. However, little is known about the specific mechanisms by which monocytes become activated and adhere to endothelium in the postprandial state, nor how the accumulation of lipid droplets relates to such activation (6, 11). A previous study in our lab showed that postprandial hypertriglyceridemia increases the expression of TNF␣ and IL-1␤ by circulating monocytes (16). Our goal in this study was to determine whether monocytes can become activated independently of the endothelium by lipolyzed triglyceride-rich lipoproteins such as very low-density lipoproteins (VLDL), and how the resultant lipid droplet formation in monocytes contributes to such activation.
A KEY STEP in the development of atherosclerosis is the activation and recruitment of circulating monocytes to sites of endothelial damage (10, 28, 30) . Monocytes in the blood can be activated under physiological and pathophysiological conditions, such as hypertriglyceridemia (2, 39) , contributing to their endothelial recruitment. However, little is known about the specific mechanisms by which monocytes become activated and adhere to endothelium in the postprandial state, nor how the accumulation of lipid droplets relates to such activation (6, 11) . A previous study in our lab showed that postprandial hypertriglyceridemia increases the expression of TNF␣ and IL-1␤ by circulating monocytes (16) . Our goal in this study was to determine whether monocytes can become activated independently of the endothelium by lipolyzed triglyceride-rich lipoproteins such as very low-density lipoproteins (VLDL), and how the resultant lipid droplet formation in monocytes contributes to such activation.
Our studies and others have suggested a link between the consumption of a high-fat meal and monocyte activation (4, 5, 9, 33, 35) . A typical Western diet is high in saturated fat, and frequently triggers an increase in circulating triglycerides in normal individuals, primarily packaged as chylomicrons (exogenous pathway) and VLDL (endogenous pathway). These triglyceride (TG)-rich lipoproteins (TGRL) are potentially atherogenic (29, 31, 42) , and in vitro studies have shown that monocytes can be activated by TGRL (34) . In the circulation, TGRL bind to lipoprotein lipase (LpL) anchored to the surface of endothelial cells. Lipolysis of TGRL by LpL releases free fatty acids, phospholipids, monoglycerides, diglycerides, and remnant particles at the blood-endothelial cell interface. Our studies and others have shown that high physiological concentrations of TGRL lipolysis products activate endothelial cells (8, 32) . Further, our studies have shown that VLDL lipolysis products cause the formation of lipid droplets in postprandial human monocytes and THP-1 cells (6) .
In this work we tested the hypothesis that TGRL lipolysis products activate and recruit monocytes to endothelium. We propose a novel mechanism of monocyte activation and adhesion induced by VLDL lipolysis products, particularly by free fatty acids. Specifically, VLDL lipolysis products promoted adhesion of freshly isolated human monocytes and THP-1 monocytes to human aortic endothelial cell monolayers by increasing the expression of key alpha/beta integrin heterodimers. Concurrently, VLDL lipolysis products increased peripheral blood mononuclear cells (PBMC) and THP-1 monocyte gene expression of proinflammatory cytokines, mediated primarily by Akt and MAP kinases with subsequent nuclear translocation of NFB and AP-1. Moreover, ERK2 appears to be required for VLDL lipolysis product-induced lipid droplet formation. This study supports the concept that repetitive activation of monocytes by TGRL lipolysis products, as would occur after the repetitive consumption of high-fat meals, increases vascular inflammation and could promote or accelerate atherogenesis.
MATERIALS AND METHODS
Reagents. Antibodies to p65, Akt, phospho-Akt, p38, phospho-p38, ERK1/2, phospho-ERK1/2, JNK/SAPK, and phosphor-JNK/SAPK were obtained from Cell Signaling Technology. Inhibitor of kB␣ (IkB␣), phospho-IkB␣, cJun, and activated transcription factor-3 (ATF3) antibodies were obtained from Santa Cruz Biotechnology. Antibodies to p105 and ␣ m-integrin (CD11b) were obtained from Abcam, a beta-actin antibody was obtained from Sigma, and a second CD11b antibody and a secondary anti-rabbit Alexa-488-conjugated antibody were obtained from BD Biosciences. MG-132, LY294002, MEK1/2, Ste-MEK1 13, SB202190, and SP600125, inhibitors for NFB, Akt, ERK1/2, ERK2, p38, and JNK, respectively, were obtained from EMD Millipore and used at 25 M. TNF␣ protein was obtained from Roche Applied Sciences.
Very low-density lipoprotein isolation. Male and female healthy human volunteers, ages 12-55, were recruited from the University of California, Davis campus. Informed written consent was given by the donors, or by their parent/guardian if they were minors, and blood was obtained after consumption of a moderately high-fat meal as described previously (16) , according to a protocol approved by the Institutional Review Board of the University of California, Davis. Plasma was isolated from whole blood and VLDL was isolated using density gradient ultracentrifugation according to standard protocols. For all experiments, lipolysis of VLDL [2.28 mmol/l (200 mg/dl) starting TG] was induced by the addition of bovine lipoprotein lipase (LpL, 2 U/ml, Sigma-Aldrich) for 30 min at 37°C.
Cell culture and isolation. For experiments using fresh primary monocytes, fasting blood was collected from consented human donors. Isolated buffy coats were used in some experiments, or layered onto Lymphosep medium (MP Biomedicals) for PBMC isolation. Monocytes were further isolated from PBMCs by negative depletion using a Dynabeads Untouched Human Monocyte Isolation kit (Life Technologies). Isolated monocytes were treated at a cell density of 1 ϫ 10 6 cells/ml for 3 h with gentle agitation at 37°C. Human aortic endothelial cells (HAEC) were obtained from Cascade Biologics and maintained in EGM-2 complete medium (Lonza); 95% confluent monolayers were pretreated with 0.3 nM TNF␣ for 4 h prior to adhesion experiments. THP-1 monocytes were purchased from American Type Culture Collection (ATCC) and maintained in suspension between 5 ϫ 10 4 and 8 ϫ 10 5 cells/ml in RPMI 1640 medium supplemented with 2 mM L-glutamine and containing 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/l glucose, 1.5 g/l bicarbonate, 10% fetal bovine serum (FBS), and 0.05 mM 2-mercaptoethanol. THP-1 monocyte treatments were conducted at a cell density of 1 ϫ 10 6 cells/ml for 3 h. Monocytes and endothelial cells were incubated in 5% CO2 and 95% air at 37°C during growth and treatment. For some experiments inhibitors obtained from EMD Chemicals were used at the following concentrations: MG-132 (10 M), LY294002 (10 M), MEK1/2 (10 M), Ste-MEK113 (25 or 50 M), SB202190 (10 M), and SP600125 (10 M). For THP-1 cell imaging, some treated THP-1 cells were allowed to adhere to 0.01% poly-L-lysine-coated coverslips and fixed in 1% paraformaldehyde for 30 min at room temperature. Adherent cells were stained with Oil Red O (Sigma-Aldrich). Briefly, cells were washed with deionized water, incubated in 60% isopropanol for 5 min, and covered in Oil Red O for 5 min at room temperature. Oil Red O stain was removed with 3 deionized water rinses and cells were imaged using an Olympus BX41 bright-field microscope with a 60X, NA 0.80 objective, coupled with an Olympus Qcolor3 digital CCD camera.
Monocyte adhesion assay. Microfluidic flow channels were used as described previously (37) . Briefly, prepared flow chambers were sterilized and vacuum sealed on top of pretreated HAEC monolayers. Treated monocytes were added to an open reservoir on the inlet side of the chamber and "pulled" across the HAEC monolayer by the syringe pump with a constant shear flow rate of 2 dyn/cm 2 . Digital image sequences of rolling, adherent, and transmigrating monocytes were obtained. Rolling monocytes were identified as those that moved more than one cell diameter in 30 s. Conversely, monocytes were characterized as arrested if they did not move more than one cell diameter in 30 s. Transmigration was defined based on the disappearance of the light reflective capability of monocytes as they transmigrated between endothelial cells. For each experiment, each monocyte treatment was run in duplicate flow chambers, with five 1-min sequences captured per chamber. All adhesive events were counted and reported as average events per minute.
Quantitative real-time PCR for cytokines and integrins. THP-1 monocytes (1 ϫ 10 6 cells/ml) were treated as indicated for 3 h. Cells were pelleted and total RNA isolated using TRIzol reagent according to the manufacturer's suggested protocol (Invitrogen). RNA was quantified using a Nanodrop-1000 system (Wilmington, DE), and 2 g was used to make cDNA with a Superscript II RNase H-reverse transcriptase kit according to the manufacturer's guidelines (Life Technologies). Quantification of mRNA from gene transcripts was performed using the GeneAmp 7900 HT sequence detection system (Life Technologies).
CD11b protein expression by immunofluorescence and flow cytometry. Treated and washed THP-1 monocytes were adhered to poly-L-lysine-coated coverslips and fixed in 2% paraformaldehyde for 30 min. Cells were then stained with a rabbit monoclonal CD11b antibody (BD Biosciences), followed by a secondary antibody conjugated to Alexa-488. Coverslips were inverted onto glass slides containing a drop of Prolong Gold ϩDAPI (Life Technologies) and stored overnight in the dark. Images were acquired the next day using an Olympus BX61 microscope with a 40X/1.3 oil immersion objective, coupled with a Pixera Penguin 600 CL cooled camera. Images were acquired using the same exposure time, based on optimal DAPI fluorescence. A minimum of 5 randomly selected images were captured from each of 3 coverslips per treatment from 3 independent experiments. For CD11b measurement by flow cytometry, treated and washed THP-1 monocytes were fixed in 1% paraformaldehyde for 15 min at 37°C. Cells were then washed and blocked with 1% Superblock (Thermo Scientific) in PBS for 30 min and labeled with Alexa488-CD11b for 1 h at 4°C. The percentage of monocytes positive for CD11b surface protein expression was quantified using a Beckman Coulter FC500 flow cytometer. Positive gates were set to 4 -5% using unstained monocytes, which was assumed to derive primarily from autofluorescence. The monocyte population was defined by forward (FSC) and side scatter (SSC) characteristics, and a minimum of 10,000 events was counted per treatment in the monocyte gate.
Western blot. Treated THP-1 monocytes were collected, washed 2 times, and lysed. For some experiments, cytoplasmic and nuclear protein was isolated from monocytes treated with VLDL lipolysis products for 2 h using a NE-PER kit from Pierce. In other experiments, total cellular protein was isolated using a modified RIPA buffer as described previously (20) after 0, 15, 30, 60, or 120 min of treatment. Ten micrograms of protein was separated by SDS-PAGE and transferred to nitrocellulose. Band intensities were quantified using ImageJ software, and densities were normalized to the total nonphosphorylated protein.
Electrophoretic mobility shift assay (EMSA). Expression of cytokines such as TNF␣ and IL-1␤ and inflammatory mediators such as COX-2 is usually under tight control by NFB activation and transcription. Concurrently, transcriptional control of IL-8 is tightly regulated by members of the AP-1 superfamily of transcription factors. To determine if both transcription factors are activated by VLDL lipolysis products, nuclear protein was extracted from treated THP-1 monocytes using a nuclear protein isolation kit from Pierce. Three micrograms of nuclear protein was mixed with biotinylated oligonucleotides specific for the active sites of NFB and AP-1, electrophoresed into a native 6% polyacrylamide gel, and transferred to a nylon membrane according to the manufacturer's instructions (LightShift Chemiluminescent EMSA kit, Pierce). The probe control consisted of only the probe (no nuclear protein), while the cold probe control contained 200-fold molar excess nonbiotinylated probe in addition to the biotinylated probe and nuclear protein to serve as a competition control.
Free fatty acid isolation and characterization. Postprandial VLDL (2.5 mg TG) was subjected to lipolysis by LpL (2 U/ml) for 30 min at 37°C. The free fatty acid (FFA) fraction was isolated from the total lipolysis products as described previously (40) . Briefly, total lipids were extracted using 60 mg Oasis HLB solid-phase extraction cartridges, and the FFA fraction was further separated by elution from aminopropyl solid-phase extraction columns with diethyl ether-acetic acid (98:2 vol/vol). Total FFA were quantified using a clinical kit from Wako Chemicals.
Statistics. All statistical analyses were performed by one-way ANOVA with multiple comparisons (Tukey) using Prism software. All data are presented as means ϩ standard error of the means (SE). Statistical significance was reported for P Ͻ 0.05.
RESULTS

Monocyte adhesive interactions with human aortic endothelial cells are increased by VLDL lipolysis products.
The adhesive capacity of VLDL lipolysis product-treated freshly isolated monocytes to HAECs was examined. HAECs were pretreated with 0.3 ng/ml TNF␣ to induce the expression of complementary ligands to those expressed on monocytes. Monocytes isolated from fasting human donors were treated with media, LpL, VLDL (2.28 mmol/l TG), or VLDL lipolysis products (2.28 mmol/l TG ϩ 2 U/ml LpL) for 3 h and immediately added to microfluidic flow chambers containing primed HAEC monolayers. The treatment time of 3 h was chosen based on previous in vivo experiments that showed that monocyte TNF␣ and IL-1␤ increased maximally 3 h after consumption of a moderately high-fat meal (16) . The concentration of VLDL chosen for the lipolysis reaction was 2.28 mmol/l TG, as previous studies have shown that this fits into the lower range of maximal fatty acid release when incubated with LpL (19) , where nonesterified fatty acid concentrations roughly paralleled the VLDL triglyceride levels. After ensuring that the monocytes had entered the flow chamber and equilibrated for several minutes, 1-min flow segments were recorded and adherent, rolling, and transmigrating monocytes were counted. Figure 1A shows one frame of a 1-min flow segment taken after 10 s had elapsed, and Fig. 1B shows a frame taken during the same sequence after 45 s had elapsed. These images serve as an example of the adhesive events that were counted, including rolling (r 1 -r 2 ), arrested (a 1 -a 4 ), or transmigrating (t 1 -t 3 ) monocytes. Figure 1C represents the number of monocytes that participated in adhesive events per minute, taken as an average of five separate experiments. Treatment of monocytes with media, LpL, and VLDL resulted in roughly the same number of rolling events per minute (0.8, 1.1, and 1.4, respectively), while VLDL lipolysis product treatment induced 6.2 rolling events per minute. Furthermore, VLDL lipolysis products increased the adhesion of monocytes to endothelial cells (5.0 events per minute) when compared with media, LpL, VLDL, or even monocyte chemotactic protein-1 (MCP-1) (not shown) (0.5, 0.9, 1.1, and 2.0 events per minute, respectively). Transmigration events were infrequent in these experiments, as the average total flow time for each flow chamber was only 10 min. However, monocytes treated with VLDL lipolysis products transmigrated an average of 0.9 times per minute, compared with 0.3, 0.6, and 0.5 times per minute for media, LpL, and VLDL, respectively. Using a static adhesion assay, we verified that THP-1 monocytes pretreated with VLDL lipolysis products also adhere to HAECs (Fig. 1D) .
Cytokine and integrin gene and protein expression increase from buffy coats, PBMCs, freshly isolated monocytes, and THP-1 monocytes exposed to VLDL lipolysis products. Postprandial hypertriglyceridemia has been linked to vascular inflammation and atherosclerosis (14) . We have shown that elevated blood triglycerides temporally coincide with circulating monocyte activation (16) . Moreover, hypertriglyceridemic patients have been reported to have elevated concentrations of soluble adhesion molecules in blood (12) , high levels of which are thought to contribute to atherogenesis. Beta-integrins form heterodimers with alpha integrins on the monocyte plasma membrane in the following combinations: Mac-1, or ␣ m ␤ 2 (CD11b, CD18); CR4, or ␣ x ␤ 2 (CD11c, CD18); and VLA-4, or ␣ 4 ␤ 1 (CD49d, CD29). We provide further evidence of postprandial activation of white blood cells in Fig. 2, A (Fig. 2, C and D) , freshly isolated monocytes (Fig. 2, E and F) , and THP-1 monocytes (Fig. 2, G and H) . There was a general increase in cytokine and integrin expression by VLDL lipolysis product exposure in these cell populations, most notably from THP-1 monocytes. In Fig. 2 . Several monocytic populations show increased gene expression of cytokines and integrins in response to VLDL lipolysis products. A and B: buffy coats were isolated from normal human subjects after an overnight fast ("F") and after consumption of a moderately high-fat meal ("P"). Peripheral blood mononuclear cells (PBMCs) (C and D), freshly isolated monocytes (E and F), or THP-1 monocytes (G and H) were treated for 3 h with media (M), VLDL (V), or VLDL ϩ LpL (VL) for 3 h. Gene expression levels of inflammatory cytokines (A, C, E, G) and integrins (B, D, F, H) were quantified and normalized to beta-actin and expressed as a fold change from fasting levels (A and B) or media control (C-H) ϩ SE (n ϭ 3-5). *P Ͻ 0.05 from the fasting or media control. NS, not significant. addition to gene expression, protein levels of some integrins and cytokines were also measured to confirm translation of mRNA (Fig. 3) . Immunofluorescent images and flow cytometry suggest that surface expression of CD11b protein increases with VLDL lipolysis product treatment (Fig. 3, A and B,  respectively) . It is important to note that the increase in CD11b expression may not be uniformly represented by all cells, as some appear to stain more brightly than others after VLDL ϩ LpL treatment (Fig. 3A) . Moreover, secreted TNF␣ and IL-1␤ protein also increased in response to VLDL lipolysis products, as measured by ELISA (Fig. 3C) .
NFB and AP-1 nuclear translocation and DNA-binding are increased by VLDL lipolysis products. To determine if VLDL lipolysis products induced nuclear translocation of NFkB and AP-1 subunits, nuclear protein was isolated for Western blots. VLDL lipolysis products increased levels of the p65 and p50 subunits of NFkB in the nuclear protein fraction. Furthermore, VLDL lipolysis products also increased nuclear levels of cJun and ATF3, subunits of AP-1 (Fig. 4A) . The relative density of each band is shown below each lane, normalized to the media control band density.
To determine if DNA binding of NFB and AP-1 was also increased, EMSAs were performed. DNA binding to NFkB in isolated nuclear protein is shown in Fig. 4B . There was no increased binding activity of NFkB after treatment with media, LpL, or VLDL. Treatment with VLDL lipolysis products resulted in an upward shift in the DNA probe due to slower migration through the gel (arrow), indicating increased DNA binding activity. Lipopolysaccharide (LPS, 0.5 g/ml) was used as a positive control, and displayed DNA binding activity similar to the lipolysis product treatment. Reactions containing no protein or excess nonbiotinylated probe were used as negative controls, and showed no shift. Similarly, AP-1 DNA binding activity was also evaluated by EMSA (Fig. 4C ). Monocyte treatment with VLDL lipolysis products and the LPS positive control increased AP-1 transcriptional activity (arrow). VLDL by itself also increased AP-1 binding activity. There were no shifts observed for the probe-only control, the competition control, the media, or LpL Fig. 3 . Integrin and cytokine protein is also increased by VLDL lipolysis products. Surface CD11b levels were observed from THP-1 monocytes treated with media (M), LpL (L), VLDL (V), or VLDL ϩ LpL (VL) using immunofluorescence and flow cytometry (A and B) . A: representative immunofluorescent images of treated THP-1 monocytes stained for CD11b (green) and nuclear DAPI (blue), presented in triplicate (40X). B: relative quantification of CD11b-positive monocytes using flow cytometry (n ϭ 3). Gates were set using unstained cells assuming a background autofluorescence of 4 -5%. C: secreted TNF␣ and IL-1␤ from treated monocytes was measured by ELISA, and expressed as pg protein/ml ϩ SE (n ϭ 3). *P Ͻ 0.05 from the media control.
reactions. Therefore, we conclude that NFkB and AP-1 transcriptional activation results from monocyte treatment with VLDL lipolysis products.
MAP kinases, Akt, and IkB␣ become phosphorylated after VLDL lipolysis product treatment. To probe the pathways involved in NFB and AP-1 activation, Western blots were performed to determine the phosphorylation state of several MAP kinases, Akt, and IB␣ at various time points after treatment. THP-1 monocytes were treated for 0, 15, 30, 60, or 120 min with LpL, VLDL, or VLDL ϩ LpL, and total intracellular protein was isolated. Monocytes treated with VLDL lipolysis products demonstrated increased phosphorylation of Akt, IB␣, and MAP kinases ERK1/ERK2, p38, and JNK/SAPK (Fig. 5) . Specifically, Akt became phosphorylated (Ser 473) after 15 min of VLDL ϩ LpL treatment and remained elevated after 2 h, with a peak band intensity at 30 min. Phosphorylated IB␣ (Ser 32) also increased after 15 min of lipolysis product treatment but was not detected at any later time points or in any control treatments. ERK1/2 phosphorylation (Thr 202/Thr 204) of monocytes treated with VLDL ϩ LpL increased by twofold over the LpL and VLDL controls at 30 min and remained elevated throughout the 2 h time point. Similarly, p38 phosphorylation (Thr 180/Tyr 182) after VLDL lipolysis product treatment increased by eightfold over control levels after 30 min, but was reduced to levels just greater than controls by 1 h posttreatment. JNK/SAPK phosphorylation (Thr 183/Tyr 185) increased after 15 min of VLDL lipolysis product treatment and remained elevated through the final 2 h time point. Densitometry analysis, normalized to total nonphosphorylated protein levels, displays the magnitude of phosphorylation achieved for each kinase examined over time. In summary, treatment of monocytes with VLDL lipolysis products results in the rapid phosphorylation of ERK1/2, p38, SAPK/JNK, Akt, and IB␣.
NFkB, Akt, and ERK1/2 activation are required for VLDL lipolysis product-induced integrin expression. To determine which signaling pathways are required for increased monocyte integrin expression in response to VLDL lipolysis products, inhibitors to NFB, Akt, ERK1/2, p38, and JNK were incubated with THP-1 monocytes prior to treatment with VLDL lipolysis products, and gene expression of integrins was assessed. MG-132 reduces the ubiquitination and subsequent degradation of proteins such as IB␣, allowing it to retain inhibitory control of NFB. This inhibitor prevents NFB activation, with negligible effects on AP-1 signaling events. LY 294002 inhibits phosphatidylinositol-3 (PI3) kinase activation, for immediate downstream inhibition of Akt activation with no effects on MAP kinases. The MEK1/2 inhibitor targets both ERK1 and ERK2. SB202190 is a potent inhibitor of p38, without affecting the ERK and JNK pathways. SP600125 specifically inhibits JNK-induced phosphorylation of cJun. As shown in Fig. 6 , inhibiting Akt, ERK1/2, and NFkB significantly attenuated expression of all integrins. However, integrin attenuation by p38 and JNK inhibition was minimal, suggesting that AP-1 activation may not be necessary for integrin expression.
Akt and ERK1/2 activation are required for VLDL lipolysis product-induced cytokine expression. To determine which pathways are involved in the inflammatory response from THP-1 monocytes, inhibitors to NFB, Akt, ERK1/2, p38, and JNK were incubated with THP-1 monocytes prior to treatment with VLDL lipolysis products, and gene expression of cytokines was assessed. Figure 7 shows that inhibition of Akt and ERK1/2 significantly reduced the expression of all cytokines, while inhibition of NFkB, p38 and JNK had little effect. NFkB inhibition did attenuate Tnf␣ expression, but had no effect on Il1␤ or Il8 expression.
VLDL lipolysis product-induced ERK2 activation is required for lipid droplet accumulation in monocytes.
We have previously reported that monocytes exposed to fatty acids from VLDL lipolysis products accumulate cytosolic lipid droplets (6) . To determine if this response to fatty acids is connected with the inflammatory response presented herein, we examined lipid droplet accumulation within THP-1 monocytes that were pretreated with inhibitors to NFB, Akt, ERK1/2, p38, and JNK, and an inhibitor specific for ERK2 (Ste-MEK1 13 ). Treated monocytes were fixed to poly-L-lysine-coated coverslips, and lipid droplets were stained with Oil Red O. Images were captured using light microscopy at 60X magnification. Inhibition of NFB, Akt, ERK1/2, p38, and JNK did not alter the accumulation of lipid droplets (data not shown). However, when ERK2 specifically was inhibited using Ste-MEK1 13 , lipid droplet accumulation decreased in a dose-dependent manner (Fig. 8, E and F) . Cell viability was slightly decreased by monocytes treated with VLDL lipolysis products and Ste-MEK1 13 (not shown), suggesting that ERK2-mediated lipid droplet formation is an essential survival response to fatty acids. More lipid droplets (stained red) accumulate inside monocytes after VLDL ϩ LpL treatment (Fig. 8D ) compared with media, Ste-MEK1 13 alone, or VLDL alone (Fig. 8, A-C) .
Since we have previously shown that lipid droplet accumulation within monocytes is mediated by fatty acids (6) , and have also characterized the lipolytically released FFA from postprandial VLDL in our study subjects (40), we determined the effect of free fatty acids released from VLDL lipolysis products on monocyte cytokine and integrin expression. THP-1 monocytes were treated for 3 h with 150 M FFA extracted from a VLDL ϩ LpL preparation as described by Wang et al. (40) , previously shown to consist primarily of palmitic acid (37.8%), stearic acid (7.5%), oleic acid (21.4%), and linoleic acid (15.2%). Treatment with FFA induced greater expression levels of Tnf␣, Il1␤, Il8, and CD11b than treatment with VLDL lipolysis products (Fig. 8, G-I) . Finally, to confirm that changes in inflammatory and integrin gene expression translate into the functional attenuation of monocyte adhesion when certain pathways are inhibited, we performed static adhesion assays. THP-1 monocytes were pretreated with either a neutralizing antibody to CD11b, MG-132 to disrupt NFkB signaling, or the MEK1/2 inhibitor and then treated with VLDL lipolysis products (Fig. 8J) . Figure 8K shows that competitive inhibition of CD11b and NFkB attenuate VLDL lipolysis product-induced monocyte adhesion, while ERK1/2 inhibition did not significantly alter adhesion.
DISCUSSION
Postprandial hypertriglyceridemia has been linked to vascular inflammation and atherosclerosis (14) . We have shown that elevated blood triglycerides temporally coincide with circulating monocyte activation (16) , and that VLDL lipolysis products cause monocytes to form lipid droplets associated with a proinflammatory state (6) . In this work we have described a mechanistic association between monocyte activation and exposure to postprandial VLDL lipolysis products. While it is well established that TGRL can activate macrophages (2, 27, 34) , no studies have examined the effects of TGRL lipolysis products on naive monocytes. We have shown herein that monocyte expression of cytokines and integrins increases in response to postprandial VLDL lipolysis products. These responses are mediated by Akt and ERK1/2 signaling through NFB and AP-1, with potential contributions from p38 and JNK1/2, and ERK2 is involved in the accumulation of lipid droplets by FFA released from VLDL with lipolysis. Furthermore, monocyte activation by VLDL lipolysis products translates to increased adhesion to endothelial cells, which is an early event in atherosclerosis development.
Monocyte treatment with VLDL lipolysis products increased monocyte rolling, adhesion, and transmigration between endothelial cells. In support of our findings, Ting et al. (37) reported increased endothelial cell and monocyte interactions when HAECs had been pretreated with TGRL. Such treatment enhanced endothelial cell inflammatory signaling through Akt, ERK, and p38 with cotreatment with TNF␣. Furthermore, Saxena et al. (32) showed increased monocyte adherence to VLDL lipolysis product-treated porcine aortic endothelial cells and suggested that fatty acids released from lipolysis enhanced adhesion. Our study reveals for the first time that monocytes treated with VLDL lipolysis products adhere to endothelium with a much higher frequency than untreated monocytes or monocytes treated with a prototypic monocyte agonist, MCP-1 (not shown).
We have shown that PBMC and THP-1 monocyte treatment with VLDL lipolysis products increased the expression of Tnf␣, Il1␤, and Il8 significantly more than treatment with VLDL alone. Notably, VLDL by itself had no effect on monocyte cytokine expression, which is in disagreement with previous studies by Stollenwerk et al. (34) . However, monocytederived macrophages and longer treatment times were utilized in their experiments, which could explain the divergent findings. Our study showed that inhibiting the activation of NFB attenuated Tnf␣ expression in response to VLDL lipolysis products but not Il1␤ or Il8 expression. Previous evidence suggests that AP-1 can induce IL-1b expression independently of NFkB, but NFkB is essential for TNF␣ expression (38) . Furthermore, IL-8 expression has been shown to be under the control of signaling mediators upstream from AP-1 response elements, such as Akt and ERK1/2, further supported by our results. It is also possible that early response cytokines, such as TNF and IL-1, could then stimulate IL-8 expression, as shown by Thornton et al. (36) .
Firm adhesion of monocytes to endothelial cells is mediated by the activation of ␤ 1 and ␤ 2 integrins (15). ␤ 2 -Integrins are not constitutively avid for their endothelial receptors but must become activated by chemotactic agents. ␤ 2 -Integrins such as CD18 are uniformly expressed in a low-affinity state and upon stimulation are rapidly redistributed into clusters for efficient tethering during shear flow (24) . VLDL lipolysis product treatment of PBMCs and THP-1 monocytes resulted in increased expression of Cd11b, Cd11c, Cd18, Cd29, and Cd49d integrins, as measured by quantitative real-time PCR. Expression of integrins has been shown to be regulated by the NFB pathway (1), which also was activated by VLDL lipolysis products. Recently, it has been shown that ERK1/2, NFB, and Akt are all involved in ␤ 1 -integrin expression from human breast cancer cells (41) . Our results are in agreement, as we have shown that pharmacological inhibition of NFB and ERK1/2 attenuated VLDL lipolysis product-induced expression of Cd11b, Cd11c, Cd29, and Cd49d.
In addition to increased cytokine and integrin expression, VLDL lipolysis product-treated monocytes showed increased NFkB and AP-1 nuclear translocation and transcriptional activity. NFB activation is a hallmark of the classic inflammatory signaling cascade that has been reported following VLDL treatment (7, 37) , and often works synergistically with AP-1 (13) . In addition, AP-1 activation typically leads the cell down a survival/proliferation pathway, which is a previously reported effect of VLDL treatment (7) . The apparent constitutive ATF3 activation seen herein has been reported previously in macrophages (18) and has recently been reported as a key response element to TGRL lipolysis products in arterial endothelial cells (3), which combined with the AP-1 activation by both VLDL and VLDL lipolysis products suggests that VLDL induces a stress response. This confirms previous results from Stollenwerk et al. (34) , that VLDL activates AP-1 through ERK1/2 activation.
The FFAs generated during the lipolysis reaction could be responsible for the observed proinflammatory effect. Our VLDL lipolysis products recently have been characterized, and palmitic acid is the most abundantly released nonesterified fatty acid by bovine LpL (40) . Long-chain saturated fatty acids, such as palmitic acid, have been shown to induce TNF␣, IL-1␤, and IL-8 secretion and mRNA expression from macrophages by activation of NFB through Akt and AP-1 through p38 and JNK (17, 21, 23) . Therefore, the proinflammatory effects seen after treatment with the FFA fraction most likely reflect saturated fatty acid treatment, although recent data suggest that other fatty acid classes may be involved (25, 33) . Furthermore, it is now well established that endogenous saturated fatty acids contribute to TLR4 activation (22) , and VLDL treatment increases TLR4 expression from Fig. 7 . Akt and ERK1/2 activation are required for VLDL lipolysis productinduced cytokine expression. THP-1 monocytes were pretreated with inhibitors to NFB (MG), Akt (LY), ERK1/2 (MEK), p38 (SB), or JNK (SP) for 1 h, then treated for 3 h with VLDL lipolysis products (VL). Gene expression levels of cytokines Tnf␣ (A), Ill1␤ (B), and Il8 (C) were normalized to beta-actin and expressed as a percentage of the media control ϩ SE (n ϭ 5). *P Ͻ 0.05 from the media control, #P Ͻ 0.05 from the VL treatment. NS, not significant. endothelial cells (26) . The TLR4-induced signaling pathway has been well characterized to include activation of MAP kinases, Akt, and NFB.
We have previously reported that fatty acids induce lipid droplet formation within monocytes, and that this process is linked to a proinflammatory cellular status (6) . In this work we have shown that lipid droplet formation is dependent on ERK2 activation. ERK2 inhibition dramatically attenuated lipid droplet accumulation after VLDL lipolysis product treatment at the expense of cell viability, which suggests that lipid droplet formation is essential for survival against lipotoxicity. Recently Gower et al. (9) have confirmed the positive correlation between circulating postprandial triglycerides and lipid droplet-laden monocytes, and further reported that these monocytes expressed higher levels of CD11c. Our work lends support to this notion that postprandial triglycerides and fatty acids can activate monocytes by specific proinflammatory pathways.
In summary, we have shown for the first time that monocytes exposed to lipolysis products from postprandial VLDL demonstrate increased cytokine and integrin expression, characteristic of monocyte inflammation and activation. The expression of proinflammatory cytokines and integrins induced by lipolysis products was the result of NFB and AP-1 activation by both Akt-and ERK2-dependent pathways. Furthermore, VLDL lipolysis products increased monocyte rolling, arrest, and diapedesis between endothelial cells, indicating that the proinflammatory effects of VLDL lipolysis products contribute to a functional, and potentially pathogenic, end point. Finally, the ERK2-dependent accumulation of lipid droplets in monocytes suggests that the cytokine and integrin responses could represent a survival pathway against lipotoxicity. This work indicates that the repetitive spike in triglyceride-rich lipoproteins with increased release of lipolysis products seen in some individuals following the consumption of a moderately high-fat meal could trigger inflammatory events such as monocyte activation, with the potential for enhanced vascular inflammation and accelerated atherosclerosis development.
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